Abstract. The radiative forcing of dust and its impact on precipitation over the West Africa monsoon (WAM) region is simulated using a coupled meteorology and aerosol/chemistry model (WRF-Chem). During the monsoon season, dust is a dominant contributor to aerosol optical depth (AOD) over West Africa. In the control simulation, on 24-h domain average, dust has a cooling effect (−6.11 W m −2 ) at the surface, a warming effect (6.94 W m −2 ) in the atmosphere, and a relatively small TOA forcing (0.83 W m −2 ). Dust modifies the surface energy budget and atmospheric diabatic heating. As a result, atmospheric stability is increased in the daytime and reduced in the nighttime, leading to a reduction of late afternoon precipitation by up to 0.14 mm/h (25%) and an increase of nocturnal and early morning precipitation by up to 0.04 mm/h (45%) over the WAM region. Dust-induced reduction of diurnal precipitation variation improves the simulated diurnal cycle of precipitation when compared to measurements. However, daily precipitation is only changed by a relatively small amount (−0.17 mm/day or −4%). The dust-induced change of WAM precipitation is not sensitive to interannual monsoon variability. On the other hand, sensitivity simulations with weaker to stronger absorbing dust (in order to represent the uncertainty in dust solar absorptivity) show that, at the lower atmosphere, dust longwave warming effect in the nighttime surpasses its shortwave cooling effect in the daytime; this leads to a less stable atmosphere associated with more convective precipitation in the nighttime. As a result, the dust-induced change of daily WAM precipitation varies from a significant reduction of −0.52 mm/day (−12%, weaker absorbing dust) to a small increase of 0.03 mm/day (1%, stronger absorbing dust). This variation originates from the competition between dust impact on daytime and nightCorrespondence to: C. Zhao (chun.zhao@pnl.gov) time precipitation, which depends on dust shortwave absorption. Dust reduces the diurnal variation of precipitation regardless of its absorptivity, but more reduction is associated with stronger absorbing dust.
Introduction
The West African Monsoon (WAM) system is a major climate system and an important component of the regional hydrological cycle on which the livelihood of a large and growing population over Sahel depends [Sultan et al., 2005] . The WAM regulates the seasonal cycle of dry and wet seasons in response to annual cycle in solar forcing. The Sahara desert over West Africa is the largest source of mineral dust aerosol in the world (e.g., Woodward, 2001; Prospero et al., 2003) . The Saharan dust emitted during the WAM season can significantly affect the WAM development and precipitation, because it interacts with both shortwave (SW) and longwave (LW) radiation, and modifies the radiative and physical properties of clouds (e.g., Miller et al., 2004; Yoshioka et al., 2007; Konare et al., 2008; Lau et al., 2009; Kim et al., 2010) .
Recognizing that dust may significantly modify climate at the regional scale (e.g., Miller et al., 2004; Yoshioka et al., 2007; Konare et al., 2008; Solmon et al., 2008; Lau et al., 2009; Kim et al., 2010) , many efforts have begun in recent years to study the Saharan dust effect on WAM precipitation. Most of these studies used general circulation models (GCMs) and have provided important understanding of the fundamental processes associated with dust effect on precipitation during the WAM season. Miller et al. (2004) found that precipitation may be enhanced locally over the Sahel in response to the radiative forcing of dust, while Yoshioka et al. (2007) showed that rainfall is reduced over the Sahel due to weakly absorbing dust. Yoshioka et al. (2007) estimated that ∼30% of the observed precipitation reduction in the Sahel from the 1950s to 1980s may be attributed to dust. Lau et al. (2009) and Kim et al. (2010) showed that dust radiative effect may strengthen the WAM, which is manifested in a northward shift of the West Africa precipitation over land. Kim et al. (2010) also found that dust may affect not only the total amount but also diurnal cycle of WAM precipitation. Solmon et al. (2008) , using a regional climate model, showed that the WAM precipitation response to dust radiative forcing is highly sensitive to the absorption properties of dust.
Although all previous studies mentioned above are consistent with enhanced precipitation due to dust-induced atmospheric heating and reduced precipitation due to dustinduced surface cooling, they differ in concluding whether the presence of dust is more likely to increase or decrease precipitation over the Sahelian region. The main reason for the contrasting conclusions lies in the difficulty in estimating the radiative effect of mineral dust. Dust radiative forcing occurs in both the LW and SW spectral bands and at the surface and within the atmosphere, which can trigger different warming/cooling effects that lead to opposite climatic responses. The difficulty also comes from large uncertainty in the absorbing properties of dust (Balkanski et al., 2007; McConnell et al., 2010) . A full understanding of how various forcings of dust jointly alter the surface energy budget and atmospheric dynamics as well as both the total amount and diurnal cycle of precipitation remains challenging.
Previous studies of dust radiative impact on WAM precipitation were mostly performed using prescribed dust aerosol in GCMs. Because of the coarse horizontal resolution (typically 2 • ×2.5 • ), WAM precipitation and its diurnal variation are not well simulated (e.g., Lau et al., 2009; Kim et al., 2010) . Therefore, dust effects on the regional hydrological cycle in the WAM region could be misrepresented due to biases in the simulated precipitation. This study uses a regional model (Weather Research and Forecasting (WRF) model (Skamarock et al., 2008) ) with relatively high horizontal resolution of 36×36 km 2 and online dust calculation (Zhao et al., 2010) to understand the response of WAM precipitation to Saharan dust. The WRF model has been used in many regional air quality and climate studies (e.g., Fast et al., 2006 and Leung et al., 2006; Wang and Liu, 2009; Qian et al., 2009; Zhang et al., 2009 ) including some over Africa (e.g., Vigaud et al., 2009; Zhao et al., 2010) . In this study, we use a version of WRF (WRF-Chem) that simulates trace gases and particulates simultaneously with the meteorological fields (Grell et al., 2005) . Zhao et al. (2010) investigated the sensitivity of the WRF-Chem simulated dust radiative forcings to dust emission and aerosol schemes and evaluated the model results using data from the African Monsoon Multidisciplinary Analysis (AMMA) campaign, which is a major international campaign in 2006 to improve understanding of climate, monsoon, and hydrological cycle of West Africa and the impacts from aerosols (Redelsperger et al., 2006) . Following a similar modeling approach as Zhao et al. (2010) , the objective of this study is to further understand the various radiative forcings of Saharan dust and how they jointly affect the surface energy budget, atmospheric diabatic heating, and hydrological cycle at a regional scale. Building on our recent study (Zhao et al., 2010) , this work (1) examines both SW and LW radiative forcings of Saharan dust during the wet monsoon season over West Africa, and (2) investigates the potential dust effects on precipitation during the WAM season. The paper is organized as follows. Sections 2 and 3 detail the WRF-Chem model and the measurements used in this study. The SW and LW radiative forcings of Saharan dust and their impact on the WAM precipitation are analyzed in Sect. 4. The paper concludes in Sect. 5.
Model description
WRF-Chem, a version of WRF (Skamarock et al., 2008) , simulates trace gases and particulates simultaneously with the meteorological fields (Grell et al., 2005) . Early versions of WRF-Chem include the RADM2 (Regional Acid Deposition Model 2) photochemical mechanism (Stockwell et al., 1990) and the MADE/SORGAM (Modal Aerosol Dynamics Model for Europe (MADE) and Secondary Organic Aerosol Model (SORGAM)) aerosol model (Ackermann et al., 1998; Schell et al., 2001 ). The CBM-Z (Carbon Bond Mechanism) photochemical mechanism (Zaveri and Peters, 1999) and MOSAIC (Model for Simulating Aerosol Interactions and Chemistry) aerosol model (Zaveri et al., 2008) were later implemented by Fast et al. (2006) into WRF-Chem, together with more complex treatments of aerosol radiative properties and photolysis rates. MADE/SORGAM in WRF-Chem uses the modal approach with three modes (Aitken, accumulation, and coarse modes, assuming a log-normal distribution within each mode) to represent the aerosol size distribution, while MOSAIC uses a sectional approach where aerosol size distribution is divided into discrete size bins defined by their lower and upper dry particle diameters. Generally, a modal approach is less accurate because of its assumption of lognormal size distribution and limited number of modes, but it is less computationally demanding than a sectional approach that uses more bins. Each size mode (or bin) is assumed internally mixed so that all particles within a size mode (or bin) are assumed to have the same chemical composition. In both MADE/SORGAM and MOSAIC, aerosols are composed of sulfate, nitrate, ammonium, organic matters (OM), black carbon (BC), water, sea salt and mineral dust. Aerosol optical properties such as extinction, single-scattering albedo, and asymmetry factor for scattering are computed as a function of wavelength and three-dimensional position. Each chemical constituent of the aerosol is associated with a complex refraction index calculated by volume averaging for each size bin (or mode), and Mie theory is used to compute the extinction efficiency (Q e ) and the scattering efficiency (Q s ). To efficiently compute Q e and Q s , WRF-Chem uses a methodology described by Ghan et al. (2001) that performs the full Mie calculations once first to obtain a table of seven sets of Chebyshev expansion coefficients, and later the full Mie calculations are skipped and Q e and Q s are calculated using bilinear interpolation over the Chebyshev coefficients stored in the table. A detailed description of the computation of aerosol optical properties in WRF-Chem can be found in Fast et al. (2006) and Barnard et al. (2010) .
The WRF-Chem model was used by Zhao et al. (2010) N) are used to minimize the influence from the lateral boundary conditions. We use the same model configuration as Zhao et al. (2010) , except that the rapid radiative transfer model (RRTMG) (Mlawer et al., 1997; Iacono et al., 2000) for both SW and LW radiation is updated to include aerosol direct radiative effect. The MADE/SORGAM aerosol module with the GOCART dust emission scheme is used in this study as described in Zhao et al. (2010) . Zhao et al. (2010) found ∼10% difference in the dust SW radiative forcing between the modal and sectional approaches in WRF-Chem over West Africa during the dry season. In our control simulation, we use the same SW refractive index (1.53+0.003i) of dust as Zhao et al. (2010) . Modeling sensitivity of dust radiative impact on precipitation to dust SW absorptivity will be discussed in section 4.2. The Lin cloud microphysics scheme is used as described by Gustafson et al. (2007) to account for cloud chemistry, aerosol wet deposition, and aerosol indirect radiative effect. The Grell convective scheme is used to allow the feedback from the parameterized convective cloud to the radiation schemes. In the available version (v3.1.1) of WRF-Chem during this study, the Lin cloud microphysics and Grell convective schemes are the only parameterizations that are coupled with the full aerosol processes (including cloud chemistry and wet deposition) and cloud radiative feedback (WRF-Chem user guide from http://ruc.noaa.gov/wrf/WG11/Users guide.pdf).
Large-scale meteorological fields are assimilated with lateral boundary and initial conditions from the NCEP/NCAR Global reanalysis data, which also provide the prescribed sea surface temperature (SST) for the simulations. Chemical lateral boundary conditions are from the default profiles in WRF-Chem, which are based on the averages of mid-latitude aircraft profiles from several field studies over the eastern Pacific Ocean (McKeen et al., 2002) . Anthropogenic emissions are obtained from the Reanalysis of the TROpospheric (RETRO) chemical composition inventories (http://retro.enes.org/index.shtml). Biomass burning emissions are obtained from the Global Fire Emissions Database, Version 2 (GFEDv2.1) with 8-day temporal resolution (Randerson et al., 2005) and vertically distributed following the injection heights suggested by Dentener et al. (2006) for the Aerosol InterComparison project (AeroCom), because of insufficient information to perform plume rise calculations over West Africa.
Observations

AERONET surface observation network
The Aerosol Robotic Network (AERONET) (Holben et al., 1998) with ∼100 identical globally distributed sun-and sky-scanning ground-based automated radiometers provides measurements of aerosol optical properties throughout the world (Dubovik and King, 2000; Dubovik et al., 2002) . In this study, AERONET measured aerosol optical depth (AOD) at 675 nm and 440 nm from six sites over West Africa are used to derive the AOD at 550 nm (using the Angström exponent) for comparison with model results. These six sites are Banizoumbou on a near-coast island. All of the retrievals of AOD are quality level 2, and the uncertainty of AOD measurements is about ±0.01 .
MODIS
The Moderate Resolution Imaging Spectroradiometer (MODIS) instruments on board the NASA Terra and Aqua platforms are uniquely designed with wide spectral range, high spatial resolution, and near daily global coverage to observe and monitor the Earth changes including tropospheric aerosols (Kaufman et al., 1997) . The standard MODIS aerosol product does not retrieve aerosol information over bright surfaces (e.g., Sahara desert) due to a strong surface spectral contribution in the visible range (Kaufman et al., 1997) . However, recently, a new algorithm, called the "Deep Blue algorithm" (Hsu et al., 2006) , has been integrated with the existing MODIS algorithm to retrieve AOD even over bright surfaces. Therefore, in this study, the retrieved "deep blue" AOD from MODIS (Collection 5) (only available over land and from the MODIS on Aqua so far) (Levy et al., 2007; Remer et al., 2005) is used over land, while the standard retrieved AOD is used over the ocean. The MODIS on board the Aqua platform passes over the equator at ∼13:30 LT during daytime (Kaufman et al., 1997) . When comparing model simulated AOD with MODIS retrievals, model results are sampled in the same overpass time as Aqua.
MISR
The Multi-angle Imaging SpectroRadiometer (MISR) instrument on board the NASA Terra platform has been producing AOD globally since February 2000. MISR observes continuously at nine distinct zenith angles, ranging from 70 • afterward to 70 • forward, and in four narrow spectral bands centered at 446, 558, 672, and 866 nm. MISR's unique blend of directional and spectral data allows aerosol retrieval algorithms to be used that do not depend on the explicit radiometric surface properties. As such, MISR can retrieve aerosol properties even over highly reflective surfaces like deserts (Diner et al, 1998; Martonchik et al., 2004) . The MISR on board the Terra platform passes over the equator at ∼10:45 LT during daytime (Diner et al, 2001 ). When comparing model simulated AOD with MISR retrievals, model results are sampled in the same overpass time as Terra.
ARM MPL lidar
The US Department of Energy's Atmospheric Radiation Measurements (ARM) Program Mobile Facility (AMF) was fully equipped with comprehensive instrumentation and was located at the Niamey airport, which is ∼60 km northwest from the AERONET Banizoumbou site, from January through December in 2006 (Miller and Slingo, 2007) . The downwelling SW and LW radiative fluxes at the surface measured by the AMF are used in this study. Uncertainties in the AMF measured radiative fluxes are given by Slingo et al. (2006) as 9.0 W m −2 for the total downwelling shortwave, although this could be as large as 25 W m −2 during dust storms, and 5.1 W m −2 for the downwelling longwave.
Details of the AMF instruments and their characteristics can be found in Miller and Slingo (2007) .
Outgoing Longwave Radiation (OLR) data
The dataset of multiple-satellite retrieved daily mean OLR at 2.5 • ×2.5 • for 1974-2010 is available from the NCAR archives, with gaps filled by temporal and spatial interpolation. Detailed description of the dataset can be found in Liebmann and Smith (1996) .
GPCP 1-Degree Daily precipitation dataset
The 1-Degree Daily (1DD) precipitation data are available from the GPCP Global Merge Development Center in the NASA/GSFC Laboratory for Atmospheres. The data are estimated at a one-degree daily resolution from multi-satellite observations (Huffman et al., 2001) . The current dataset extends from October 1996 to present. The primary product in the 1DD dataset is a combined observation-only dataset.
TRMM
The 3B-42 product of the Tropical Rainfall Measuring Mission (TRMM) data is used. The purpose of algorithm 3B-42 is to produce TRMM merged high quality (HQ)/infrared (IR) precipitation and root-mean-square (RMS) precipitationerror estimates. These gridded estimates are on a 3-hour temporal resolution and a 0.25-degree by 0.25-degree spatial resolution in a global belt extending from 50 • S to 50 • N latitude. Detailed description of the dataset can be found in Huffman et al. (2001 and . Averaged all-sky SW and LW radiative forcing of dust over West Africa from WRF-Chem simulations. "TOA (+down)" represents the dust radiative forcing at the top of atmosphere and positive refers to downward direction; "ATM (+warm)" represents the dust radiative forcing in the atmosphere and positive refers to warming effect; "BOT (+down)" represents the dust radiative forcing at the surface and positive refers to downward direction. "Net" represents the sum of dust SW and LW radiative forcing. Figure 1 shows the mean spatial distribution of AOD at 550 nm from MISR and MODIS satellite retrievals, the AERONET measurements at six sites, and the corresponding WRF-Chem simulated AOD of total aerosols and dustonly during the simulation period over West Africa. Since the over-pass time of Terra (MISR) and Aqua (MODIS) is local time 10:45 a.m. and 1:45 p.m. respectively and the AERONET measurements are not always available at the time, the average of AERONET measurements and model results are sampled at the time period of 10 a.m.-2 p.m. In general, MISR and MODIS show consistent spatial patterns of AOD with a correlation coefficient of 0.68. The measurements from six AERONET sites (color-filled circles in Fig. 1 ) are also consistent with satellite retrievals. WRF-Chem generally reproduces the spatial distribution of satellite retrieved AOD, except for the low bias near the southern boundary. Since the biomass burning aerosol emissions over the simulation domain during the WAM season are small (not shown), the low bias may result from the idealized chemical boundary conditions (McKeen et al., 2002) that cannot account for the biomass burning aerosols potentially transported from South Africa. The WRF-Chem simulated dust AOD shows that dust is the dominant source of aerosols during the summer monsoon season over West Africa. Figure 2 shows the model simulated 24-h averaged spatial distribution of dust SW, LW, and net (SW+LW) radiative forcing at the top and bottom of the atmosphere and in the atmosphere during the simulation period over West Africa. At the top of atmosphere (TOA), the dust SW radiative forcing is positive or close to zero over the desert region, because of the high albedo values of desert and dust SW absorption. The change of sign of dust SW radiative forcing along 17 • N is due to a sharp decrease of surface albedo between the Sahara desert in the north and the Sudanian savannas in the south and a decrease of dust loading away from the source regions. The domain averaged (average over the entire domain (28.9 • W-32.9 • E, 5.0 • S-32.1 • N)) dust SW radiative forcing at TOA is −1.35 W m −2 . The dust LW radiative forcing at TOA is mostly positive over the domain with an average of 2.18 W m −2 , resulting from dust LW absorption. Overall, the simulated dust net (SW+LW) radiative forcing (domain average of 0.83 W m −2 ) at TOA is consistent with the result reported by Balkanski et al. (2007) . In the atmosphere, dust aerosol absorbs SW and warms the atmosphere. Dust LW effect cools the atmosphere by increasing atmospheric outgoing LW radiation. The dust LW forcing is higher over the desert because of hotter desert surface and stronger interaction between LW and coarse mode dust particles that are spatially confined to the desert due to their shorter lifetimes and distance being carried. In the atmosphere, dust produces a net (LW+SW) warming effect with a domain average of 6.94 W m −2 . At the surface, dust has a cooling effect (domain average of −12.37 W m −2 ) by reducing the downward SW radiation and a warming effect (domain average of 6.25 W m −2 ) by trapping the LW radiation emitted from surface. The net (LW+SW) dust radiative forcing at the surface is -6.11 W m −2 . The simulated dust radiative forcings averaged over the domain are summarized in Table 1 . Overall, the net (LW+SW) radiative effect of dust is atmospheric warming, surface cooling, and relatively small net TOA forcing over West Africa. The model simulated surface SW radiative fluxes are compared to the AMF retrievals. Diurnal cycle of upward and downward SW radiative fluxes at the surface at Niamey airport averaged during the simulation period from the AMF retrievals and WRF-Chem simulations with and without dust aerosols are shown in Fig. 3 Model simulated outgoing LW radiation (OLR) is compared using AVHRR retrievals. Figure 4 shows the monthly spatial distribution of OLR over West Africa during the simulation period from AVHRR retrievals and the WRF-Chem simulation. The AVHRR retrievals show higher OLR over the Sahara desert compared to the South and the ocean because of the hotter desert surface. Seasonally, OLR over the Sahara desert increases from May to July as the surface temperature increases. The model generally captures both the spatial patterns and monthly variation of retrieved OLR over West Africa, particularly over the Sahara. However, the model generally overestimates the OLR in the South (south to ∼20 • N). The bias is likely due to underestimation of cloud in the simulation. Sensitivity simulations using WRF with different cloud microphysics and convective schemes show that the OLR bias can be significantly reduced in the South (by up to ∼30 W m −2 compared to the OLR of 200∼250 W m −2 ), suggesting that part of the bias comes from the Lin cloud microphysics and Grell convective schemes used in the control simulation. Dust reduces OLR by up to ∼10 W m −2 over the desert region (Fig. 2) . Since the effect is relatively small compared to the OLR of ∼300 W m −2 over most part of the desert (Fig. 4) , only results from the simulation with dust are shown in this figure.
Results and discussion
Radiative forcing of mineral dust
Radiative impact of dust on precipitation
Dust impact on precipitation
Before investigating dust impact on precipitation, the WRFChem simulated precipitation is evaluated using GPCP and TRMM measurements. Figure 5 shows the daily zonal averaged precipitation between 15 • W-10 • E from GPCP and TRMM measurements and the WRF-Chem simulation during the simulation period. The Guinean coast is around 6 • N. Both GPCP and TRMM measurements show that the monsoon precipitation migrates from the southernmost region in May to the northernmost region in August, and retreats back to the south in September. WRF-Chem generally well captures the seasonal migration of precipitation with a temporal correlation coefficient of 0.55 with both retrievals. However, WRF-Chem simulates an averaged precipitation rate of 3.0 mm/day during the simulation period, compared to 4.0 mm/day from GPCP and 3.6 mm/day from TRMM. This low bias mostly results from the model underestimation of heavy precipitation events (>10 mm/day) during the Besides seasonal changes, diurnal variability is a key feature of the monsoon precipitation over West Africa. shows the diurnal anomalies of zonal averaged precipitation between 15 • W-10 • E from the TRMM measurements and WRF-Chem control simulation. The TRMM data are available in 3-hour temporal resolution. The dashed line shows the Guinean coast. The diurnal anomalies are calculated by subtracting the daily mean precipitation from the 3-hourly or hourly precipitation. The TRMM measurements show larger diurnal variation of precipitation over land than over the ocean (south of the dashed line), because surface heating that drives convection has much smaller diurnal change over the ocean due to its high heat capacity. Over land, solar heating of the surface can increase convective activity, leading to late afternoon precipitation (peak around ∼5 p.m.). Over the ocean, the surface does not cool as much as the land due to the high heat capacity of the oceanic mixed-layer. As the atmosphere cools during nighttime, the atmosphere is destabilized by the warmer ocean surface. As a result, oceanic precipitation often peaks between midnight and early morning (Kim et al., 2010) . The model generally captures the am- from WRF-Chem in three cases with different dust absorption properties."n i " represents the imaginary part of the refractive index of dust. 'LH' is latent heat; "LW" is LW radiation; "SH" is sensible heat; "SW" is SW radiation; and "Net" is the sum of the total energy fluxes (i.e., LH+LW+SH+SW). Positive refers to more energy fluxes into the surface or less energy fluxes out of the surface.
plitude and phase of TRMM diurnal precipitation over both land and ocean. Figure 7 shows the dust impact on diurnal cycle of zonal averaged precipitation between 15 • W-10 • E from the WRFChem simulations in three cases with different absorptivities of dust during the simulation period. The dashed line shows the Guinean coast. The dust impact is calculated by subtracting the precipitation from the simulation without dust from that of the simulation with dust. In the control simulation (the imaginary part (n i ) of dust SW refractive index is set to 0.003, i.e., n i = 0.003), dust reduces the late afternoon precipitation by up to 0.14 mm/h (25%) but increases nocturnal and early morning precipitation by up to 0.04 mm/h (45%) over land. The dust-induced reduction of diurnal precipitation amplitude with an average of −0.06 mm/h (−24%) over the WAM region (6 • N-17 • N and 15 • W-10 • E, shown in Fig. 1 ) is 99% statistically significant based on the Student's t-test. Compared to the TRMM measurements (Fig. 6) , the control simulation, which includes dust-induced reduction of diurnal amplitude, improves the simulation of diurnal cycle of precipitation over land. The dust impact on precipitation over the ocean is relatively small, because sea surface temperature is prescribed in this study. Even if sea surface temperature is simulated, dust effect is expected to be small within short-term because of its lower concentration over the ocean and the high heat capacity of the ocean. In the control simulation, dust reduces daily precipitation over the WAM region by 0.17 mm/day (∼4%), which is relatively small because the late afternoon decrease and nocturnal and early morning increase of precipitation nearly offset each other.
To further investigate the dust impact on diurnal precipitation over the WAM region, the surface energy budget and atmospheric diabatic heating are analyzed. Figure 8 shows the dust impact on diurnal cycle of surface energy budget averaged over the WAM region from the WRF-Chem simulations in three cases with different SW absorptivities of dust. In the control simulation, dust reduces SW fluxes and increases LW fluxes into the surface, and reduces latent heat and sensible heat out of the surface in the daytime, because the land surface is cooler as a result of dust-induced reduction of downward SW radiation. In the nighttime, there is negligible dust impact on latent heat and sensible heat, but dust still increases LW fluxes into the surface due to the warming of the atmosphere. Overall, dust reduces the net surface energy in the daytime but increases the net surface energy in the nighttime, leading to surface cooling in the daytime and warming in the nighttime over the WAM region. Figure 9 shows the dust impact on atmospheric diabatic heating profiles at 00:00 UTC (mid-night) and 12:00 UTC (noontime) averaged over the WAM region (6 • N-17 • N and 15 • W-10 • E) from the WRF-Chem simulations in three cases with different dust absorption properties. In the control simulation (black line), dust cools the lower atmosphere (below 850 hPa) by up to 1.5 K/day and warms the atmosphere above by up to 1.0 K/day in the daytime, and warms the lower atmosphere by up to 1.2 K/day and cools the upper atmosphere by up to 0.3 K/day in the nighttime.
The dust-induced change of the surface energy and atmospheric diabatic heating profiles could modulate the stability of the atmosphere. The dust impact on equivalent potential temperature (ETH) profiles, a quantity related to the stability of a column of air in the atmosphere, at 00:00 UTC (midnight) and 12:00 UTC (noontime) averaged over the WAM region from the WRF-Chem simulations is shown in Fig. 10 . In general, a decrease of ETH in the lower atmosphere and an increase of ETH above indicate an increase of the atmospheric stability. In the control simulation (black line), in the daytime, dust reduces the lower atmospheric (below 850 hPa) ETH by ∼0.3 K and increases the ETH of the atmosphere above by ∼0.5 K, leading to a more stable atmosphere. In the nighttime, dust increases the atmospheric ETH below 600 hPa by up to ∼0.3 K with larger impact in the lower atmosphere (below 800 hPa), leading to a less stable atmosphere. This dust-induced change of atmospheric stability constrains the buildup of convective cloud in the daytime and fosters the buildup of convective cloud in the nighttime. Convective precipitation accounts for over 90% of precipitation in the simulation and has a much larger value during daytime. Therefore, the net change is a reduction of the daily precipitation from larger reduction of daytime precipitation and smaller increase of nocturnal precipitation.
Sensitivity of modeled dust impact on precipitation to dust solar absorptivity
As shown in previous studies (e.g., Solmon et al., 2008; Lau et al., 2009) , there are large uncertainties in the radiative forcing of Saharan dust due to the uncertainty in dust SW absorption. In this study, we provide an estimate of the sensitivity of precipitation variability to the dust SW absorptivity. We conduct two sensitivity simulations with different n i of dust at wavelengths around 550 nm suggested by previous studies (McConnell et al., 2010) . Two additional simulations are performed using the lower (n i = 0.0004, weaker absorbing) and upper (n i = 0.006, stronger absorbing) bounds of n i . The control simulation uses a value (n i = 0.003) in the middle of the range. The dust impacts on precipitation from the two sensitivity simulations are also shown in Fig. 7 . In the simulation with weaker absorbing dust, dust reduces precipitation over land by up to 0.1 mm/h (19%) throughout the day, although it still reduces the diurnal precipitation amplitude with a WAM-region average of −0.03 mm/h (−12%) because larger reductions are simulated during daytime. Daily precipitation over the WAM region is significantly reduced by 0.52 mm/day (12%). This is generally consistent with Yoshioka et al. (2007) , who found that the ∼30% of Sahel rainfall reduction is due to weakly absorbing dust. The dust impact on the surface energy budget in the simulation with weaker absorbing dust is smaller than that in the control simulation, particularly for the increase of LW fluxes into the surface (Fig. 8) . The dust impact on the atmospheric diabatic heating profile is relatively small (less than 0.3 K/day compared to 1.5 K/day in the control simulation) (Fig. 9) . Therefore, the dust warming effect (through SW radiation absorption) cannot offset its cooling effect (through SW radiation extinction) at the lower atmosphere. As a result, dust reduces the atmospheric ETH below 500 hPa by up to ∼0.6 K with larger impact in the lower atmosphere (below 800 hPa) (Fig. 10) , leading to more stable atmosphere and hence less convective precipitation throughout the day.
In the simulation with stronger absorbing dust, compared to the result from the control simulation, dust reduces more late-afternoon precipitation by up to 0.2 mm/h (38%) while increases more nocturnal and early morning precipitation by up to 0.11 mm/h (150%), resulting in the largest reduction of diurnal precipitation amplitude with a WAM-region average of −0.12 mm/h (−48%) among the three cases (Fig. 7) . The daily precipitation over the WAM region is increased by a very small amount of ∼0.03 mm/day (∼1%). The dust impact on the surface energy budget is larger than that in the control simulation (Fig. 8) . The dust cools the lower atmosphere (below 850 hPa) by up to 2.5 K/day and warms the atmosphere above by up to 2.0 K/day in the daytime, and warms the lower atmosphere by up to 1.4 K/day and cools the upper atmosphere by up to 0.5 K/day in the nighttime (Fig. 9) . As a result, dust reduces the lower atmospheric (below 850 hPa) ETH by ∼0.5 K and increases the ETH of the atmosphere above by ∼1.5 K in the daytime, and increases the atmospheric ETH below 500 hPa by up to ∼1.0 K with larger impact in the lower atmosphere (below 700 hPa) in the nighttime (Fig. 10) . This dust-induced changes of surface energy and atmospheric diabatic heating profiles lead to even more stable atmosphere associated with less convective precipitation in the daytime and less stable atmosphere associated with more convective precipitation in the night and early morning. The mean dust effects on the daily precipitation and diurnal amplitude of precipitation over the WAM region during the wet monsoon season (May-September) from the three simulations with different dust SW absorptivities are summarized in Table 2 .
Sensitivity of modeled dust impact on precipitation to interannual monsoon variability
The dust effects discussed above are calculated from the simulations in the year of 2006, which is a relatively strong monsoon year. To examine possible dependence of our results on monsoon variability, a simulation (n i = 0.003) has also been conducted for the weakest monsoon simulations with different dust SW absorptivities, the simulated dust impact on WAM precipitation is more sensitive to dust SW absorptivity than interannual monsoon variability, suggesting that more efforts in the future may focus on reducing the uncertainty in dust optical properties.
Radiative impact of dust on atmospheric circulation
The radiative impact of dust on atmospheric diabatic heating and stability could also modulate the atmospheric wind circulation (e.g., Lau et al., 2009) . Figure 11 shows the spatial distributions of wind and dust-induced wind changes at 10 m and 700 hPa over West Africa during the simulation period from WRF-Chem. In the figure, dust-induced wind speed changes in percentage are also shown. The model successfully simulates the monsoon circulation and the westerly jet in the lower atmosphere off the West African coast. The dust-induced change of wind speed at 700 hPa is small (<5%), indicating that the large-scale monsoon circulation is not significantly changed by dust. The dust impact on largescale circulation may not be fully simulated using a regional modeling framework because the same atmospheric lateral boundary conditions and SST lower boundary conditions are used in the simulations with and without dust. Although changes in the upper level winds are small, relatively larger changes (>5%, up to 40%) of 10 m-wind speed are found over the Sahara desert. These changes are not statistically significant based on the Student's ttest with respect to day-to-day variation. These changes of wind speed near the surface result from the change of atmospheric stability. Since dust emissions in WRF-Chem are calculated online during the simulation, dust radiative feedback to its own emissions through changes in wind speed and/or soil moisture can be estimated. The model results show that dust radiative impact (primarily through changes in the surface wind) increases dust emissions by ∼8% from ∼110 Tg/month in the simulation without dust to 118 Tg/month in the simulation with dust over West Africa during the simulation period. Although the 24 h-averaged dust-induced change of 10 m-wind speed is small (<1%) over the WAM region, the diurnal cycle of 10 m-wind is affected by dust. Figure 12 shows the dust impact on the diurnal cycle of 10 m-wind speed averaged over the WAM region from the control simulation (i.e., n i = 0.003). The dustinduced change of diurnal cycle of 10 m-wind speed is consistent with the dust-induced ETH change (Fig. 10) . Dust reduces 10 m-wind speed by up to 0.13 m/s (4%) when the ETH is reduced and increases 10 m-wind speed by up to 0.14 m/s (5%) when the ETH is increased. As a result, the diurnal variation of 10 m-wind speed is significantly reduced by ∼10%. This reduction is 95% statistically significant based on the Student's t-test. As dust emission varies non-linearly with wind speed, the change of diurnal wind speed results in an overall increase of dust emissions that provides a positive feedback, albeit small, to how dust influences the WAM.
Conclusions
In this study, the radiative forcing of Saharan dust and its feedback to the monsoon precipitation over the WAM region are investigated using the WRF-Chem model with a relatively high horizontal resolution of 36×36 km 2 and online calculation of dust emissions. The simulation runs from 15 April 2006 to 30 September 2006 covering West Africa. Both dust SW and LW direct radiative effect are included. Overall, the model successfully reproduces the observed features of aerosol, radiation, and monsoon precipitation during the simulation period over West Africa.
The model simulation shows that dust is the dominant source of aerosols during the summer monsoon season over West Africa. The domain averaged dust SW and LW radiative forcing at TOA is −1.35 W m −2 and 2.18 W m −2 , respectively. Overall, the simulated dust net (SW+LW) radiative forcing at TOA with a domain average of 0.83 W m −2 is consistent with previous studies (e.g., Balkanski et al., 2007; Lau et al., 2009 ). In the atmosphere, dust SW radiative effect warms the atmosphere while dust LW radiative effect cools the atmosphere. The net (LW+SW) dust radiative effect warms the atmosphere with a domain average of 6.94 W m −2 . At the surface, dust has a SW cooling effect with a domain average of −12.37 W m −2 and a LW warming effect with a domain average of 6.25 W m −2 . The net (LW+SW) dust radiative forcing at the surface is −6.11 W m −2 . Overall, the net (LW+SW) radiative effect of dust is atmospheric warming, surface cooling, and relatively small TOA forcing over West Africa. The model simulated spatial distributions of dust radiative forcing over West Africa are generally consistent with previous studies using GCMs (e.g., Yoshioka et al., 2007; Lau et al., 2009 ).
In the control simulation (n i = 0.003), dust modifies the surface energy budget and atmospheric diabatic heating, resulting in lower atmospheric cooling and upper atmospheric warming in the daytime and lower atmospheric warming in the nighttime over the WAM region. Therefore, the atmospheric ETH profiles are changed, leading to more stable atmosphere in the daytime and less stable atmosphere in the nighttime. As a result, dust reduces the late-afternoon precipitation by up to 0.14 mm/h (25%), but increases nocturnal and early morning precipitation by up to 0.04 mm/h (45%) over the WAM region. Dust-induced reduction of diurnal precipitation amplitude is 99% statistically significant based on the Student's t-test and improves the simulation of diurnal cycle of precipitation over land, compared to the TRMM measurements. The offset between the late afternoon decrease and nocturnal and early morning increase of precipitation results in a relatively small change of daily precipitation (−0.17 mm/day or −4%) over the WAM region. The dust impact on precipitation over the ocean is relatively small due to the prescribed SST. A previous study found that the Sahel climate response to dust radiative forcing is relatively insensitive to ocean coupling within short-term (Yoshioka et al., 2007) . The small difference between the dust impacts in the control simulations for 2005, a relatively weak monsoon year, and 2006, a wet monsoon year, suggest that our finding of dust impact on precipitation is robust and not sensitive to interannual monsoon variability.
Two sensitivity experiments with weaker-to-stronger absorbing dust show that the magnitude of dust impact on the surface energy is dependent on dust absorptivity. In the daytime, dust always cools the surface and the atmosphere below the dust layer. However, from weaker to stronger absorbing dust, in the daytime, dust introduces extra warming of the atmosphere. In the nighttime, dust LW warming effect surpasses its daytime SW cooling effect at the surface. This leads to anomalous warming over the land surface and the atmosphere below the dust layer and hence less stable atmosphere and more convective precipitation in the nighttime. As a result, weaker absorbing dust reduces the WAM precipitation by up to 0.1 mm/h (19%) throughout the day, while stronger absorbing dust reduces late afternoon precipitation by up to 0.2 (38%) mm/h but increases nocturnal and early morning precipitation by up to 0.11 mm/h (150%). From weaker to stronger absorbing dust, the dust-induced change of daily WAM precipitation varies from significant reduction of −0.52 mm/day (−12%), which exceeds the average anomalies (5%) of WAM precipitation in the last decade (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) analyzed from GPCP observations (not shown), to a small increase of 0.03 mm/day (1%). Despite these differences, dust reduces the diurnal variation of precipitation regardless of its absorptivity, but more reduction is associated with more absorbing dust.
The dust-induced change of atmospheric stability also affects the surface wind speed. Unlike Jacobson and Kaufman (2006) who found up to 8% reduction in wind speed due to aerosol particles and the associated surface cooling and increased atmospheric stability, there is a difference in how dust influences wind speed due to its contrasting effects on radiation and atmospheric stability between day and night. Although dust-induced changes of the 24-h averaged surface wind speed is found to be small over the WAM region from our simulations, the diurnal variation of surface wind speed is significantly (95% statistic significant based on the Student's t-test) reduced by ∼10%. Overall, the change in diurnal wind speed leads to a ∼8% increase of dust emissions from ∼110 Tg/month to ∼118 Tg/month, providing a positive feedback mechanism on how dust influences the WAM climate.
This study underscores the importance of including dust radiative effects in simulating the monsoon precipitation over the WAM region. Both dust SW and LW radiative effects are critical to assess the dust impact on precipitation, particularly for the diurnal cycle of precipitation, but dust LW radiative effect was not always included in previous studies (e.g., Konare et al., 2008) . Although Kim et al. (2010) has demonstrated the significance of dust impact on diurnal cycle of precipitation, they used an atmospheric general circulation model with relatively coarse horizontal resolution (2 • ×2.5 • ) and inaccurate simulation of the diurnal cycle of precipitation. Using a regional model, WRF-Chem, with relatively high horizontal resolution (36×36 km 2 ) that yields a better simulation of the monsoon precipitation, this study provides stronger evidence that dust affects the diurnal cycle of WAM precipitation. Our study further highlights the delicate balance between daytime and nighttime response of atmospheric stability and precipitation to dust, its sensitivity to solar absorptivity of dust, and how these factors influence the overall dust-induced change of WAM precipitation. More laboratory and field studies are needed to improve the characterization of dust SW absorption properties. In addition, dust SW absorption properties used in different modeling studies should be documented clearly for proper model-to-model comparisons.
Finally, several caveats should be noted in this study. First, dust can induce changes in diabatic heating in the atmosphere and surface. Depending on the strength and spatial distribution (both vertical and horizontal) of the changes, the monsoon circulation may change and influence the WAM precipitation. These effects cannot be fully simulated using a regional modeling framework because the same atmospheric lateral boundary conditions and SST lower boundary conditions are used in the simulations with and without dust. To fully investigate the potential effects of dust on monsoon circulation, a GCM should be used or lateral boundary conditions simulated by a GCM with and without dust should be used in the regional experiments. Second, although dust effect on stratiform cloud microphysics (i.e., indirect effect of dust) is included in our simulations, it is not a focus of our analysis, since convective precipitation dominates during the WAM season (generating over 90% of precipitation in the simulations). Dust effects on convective cloud and precipitation are not represented in the convective parameterization. In addition, dust aerosols can only be activated to cloud condensation nuclei (CCN) in the Lin microphysics scheme in this study, but dust can also be activated as ice nuclei (IN) to influence clouds and precipitation (e.g., DeMott et al., 2003 DeMott et al., , 2010 . We intend to address these issues in future studies of dust effects to further elucidate the relative impacts of dust direct and indirect effects on monsoon precipitation. Last, the dust impact on the diabatic heating and hence the atmospheric stability is evident, however, the dustinduced changes of diurnal amplitude, diurnal phase (negligible in this study), and total amount of WAM precipitation may be sensitive to the cloud microphysics and convective schemes, which is beyond the scope of this study.
